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Larvae of Galleria mellonella are widely used to study the virulence of microbial pathogens and for assessing the potency
of antimicrobial agents. This work examined the effect of nutritional deprivation on the ability of larvae to withstand
infection in order to establish standardized conditions for the treatment of larvae for in vivo testing. Larvae deprived of
food for seven days demonstrated an increased susceptibility to infection by the yeast Candida albicans. These larvae
displayed a lower density of hemocytes compared with controls but hemocytes from starved and control larvae
demonstrated the same ability to kill yeast cells. Hemolymph from starved larvae demonstrated reduced expression of a
range of antimicrobial peptides (e.g., lipocalin) and immune proteins (e.g., apolipophorin and arylphorin). Deprivation of
G. mellonella larvae of food leads to a reduction in the cellular and immune responses and an increased susceptibility to
infection. Researchers utilizing these larvae should ensure adequate food is provided to larvae in order to allow valid
comparisons to be made between results from different laboratories.
Introduction
The immune system of insects and the innate immune response of
mammals display many structural and functional similarities1,2
and, as a result, insects have been employed for routine screening
of microbial mutants3 and for assessing the efficacy of
antimicrobial drugs4 and give results that are comparable to those
that may be obtained with mammals.5,6 A wide range of insect
species are currently employed as model organisms7 and larvae of
the greater wax moth, Galleria mellonella, have been used to assess
the virulence of bacteria,3 yeasts8, filamentous fungi9 and to
quantify the relative potency of antimicrobial compounds.10
G. mellonella larvae are useful as model organisms due to their
low cost, ease of purchase and give results within 24–48 h.
The use of G. mellonella larvae to study a wide range of
pathogens9 has made it essential to identify parameters that need
to be constant for the larvae to be utilized correctly and to give
reproducible results. It has previously been documented that
G. mellonella larvae display the ability to alter their immune
response when exposed to microbial cell wall components,11
fungal cells,12 physical stress13 or thermal variation.14 It was
postulated that a reduction or elimination of food could also alter
the immune response of insects since food provides energy for
maintaining homeostasis and immune function. Immune priming
in the absence of compensatory feeding in bumblebees has been
shown to be fatal15 indicating an important link between
nutritional status and survival. Starvation is a stress that may be
counteracted by the metabolism of the lipid content of the fat
body or by the release of amino acids from storage proteins in the
hemolymph. This has previously been shown in D. melanogaster16
where starvation negatively affected the metabolic rate. If
metabolism slows down, the production of proteins such as
antimicrobial peptides may be reduced.17
The aim of the work presented here was to establish whether
nutritional deprivation affected the ability of G. mellonella larvae
to withstand infection with the yeast C. albicans and to determine
how this was manifested. Some researchers incubate larvae with
food (e.g., wood shavings or filter paper) during experiments
while others do not thus raising the possibility that the presence or
absence of food may affect the outcome of an experiment and thus
make inter-laboratory comparisons difficult.
Results
Effect of lack of nutrition on susceptibility of G. mellonella
larvae to infection with Candida albicans. Larvae (0.3 g, 10 larvae
per treatment and performed on three independent occasions)
were maintained at 30°C in the absence of food for 0, 2, 4 or 7 d
and their weights determined at each time interval. The results
(Fig. 1) reveal that there is a small (p = 0.1) reduction in average
weight following deprivation of food for 7 d.
Larvae of G. mellonella were incubated at 30°C in the absence
of any food source for periods of 0, 2, 4 or 7 d prior to infection
with C. albicans cells as described below. Larvae were subse-
quently incubated at 30°C and viability was assessed at 24 and
48 h post infection. The results (Fig. 2) indicate that those larvae
incubated in the absence of food for 7 d prior to infection with
C. albicans were the most susceptible to infection and showed
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33.3 ± 1.9% survival at 24 h compared with 66.6 ± 5.0% survival
for those larvae that did not have a restricted diet (p , 0.05).
Survival was reduced to 16.67 ± 3.85% at 48 h for the larvae that
had been incubated in the absence of food for 7 d compared with
60 ± 5.87% at 48 h for control larvae (p , 0.05). It was also
demonstrated that the larvae that had been starved for 2 or 4 d
showed reduced survival particularly at 48 h.
Effect of nutrition depletion on the density and function of
hemocytes in G. mellonella larvae. Hemocytes are an essential
part of the cellular immune response of insects and fluctuation in
Figure 1. Average weight of G. mellonella larvae incubated in the absence of food for 7 d. Ten larvae each weighing 0.3 g, on three separate occasions,
were incubated in the absence of food and weighed after 2, 4 and 7 d. The reduction in weight was calculated.
Figure 2. Survival of G. mellonella larvae deprived of food for 0, 2, 4 and 7 d prior to inoculation with 1  106/20 mL C. albicans cells. For assessment of
larval death, larvae were probed with a needle and if no response was observed the larvae were deemed to be dead. The statistics were based on the
values obtained from the unstarved larvae (*p , 0.05).
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hemocyte density can be indicative of the immune response.18
The hemocyte density of larvae incubated in the absence of food
for 0, 2, 4 or 7 d was assessed and the results demonstrate a slight
decrease in the hemocyte density of larvae deprived of food for 7 d
but this was not statistically significant (Fig. 3).
The killing ability of hemocytes from control larvae or larvae
starved for 7 d was assessed in order to determine whether they
displayed similar killing kinetics. The hemocyte-mediated killing
assay was performed as described below. The results indicate that
hemocytes from both sets of larvae displayed a killing rate that is
Figure 3. Hemocyte density in G. mellonella larvae that were starved for 0, 2, 4 and 7 d. Hemocytes were extracted as described and enumerated. The
difference in hemocyte density was measured relative to the density in the unstarved larvae at day 0.
Figure 4. Survival of C. albicans incubated with opsonized hemocytes over 80 min time incubation when G. mellonella larvae were starved for 0 and 7 d,
respectively (no significant difference between hemocytes from unstarved larvae and hemocytes from starved larvae, p = 1).
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statistically identical (Fig. 4). Twenty minutes subsequent to
incubation the survival of C. albicans incubated with hemocytes
from control larvae was at 58.2 ± 19.1% while C. albicans survival
when incubated with hemocytes from the 7 d starved larvae was
57.4 ± 6.2% (no significant difference). Following an 80 min
incubation period with the opsonized C. albicans the rate
of survival of the yeast cells with hemocytes from unstarved
G. mellonella was 10.2 ± 2.5%, this value was 8.3 ± 1.3% in
hemocytes from larvae starved for 7 d (p = 1.0). These results
demonstrate that incubation of larvae in the absence of food leads
to a slightly reduced hemocyte density but that hemocytes
demonstrate the same killing kinetics as those from control larvae.
Analysis of the proteome of larvae starved for 7 d. The
hemolymph of larvae that were starved for 0 or 7 d was extracted
and prepared for 2D SDS-PAGE, as described. Examination of
the resulting gels indicated a downregulation in the expression of
proteins in the serum from starved larvae (Fig. 5). In particular, a
number of proteins with known immune function were reduced
in expression (Table 1). Spot 3 showed homology to apolipo-
phorin, which functions in the hemolymph to transport lipids and
aids in the commencement of the innate immune response,19 and
its expression was reduced by approximately 50% in hemolymph
from starved larvae. Arylphorin (spot number 4) was down-
regulated by 37% in the hemolymph of starved larvae. Arylphorin
functions in the storage of the aromatic amino acids but it also
plays a central role in insect immunity.20
Spot 5 showed homology to lipocalin, which functions in the
immune response by binding to toxins and by complexing
invading pathogens21 and its expression was reduced by
approximately 14% in starved larvae. Ferritin (spot 1) and
transferrin precursor (spot 6) were reduced in expression by
approximately 50% in food-deprived larvae. Ferritin is important
in iron binding and storage and maintaining cellular iron
homeostasis along with playing a role in the immune response.22,23
Transferrin has the ability to remove essential iron ions from
invading pathogens and so retard microbial colonization of the
insect hemocoel.24
Spot 2 showed homology to imaginal disc growth factor-like
protein and its expression was reduced by 40% in starved larvae.
The expression of juvenile hormone binding protein (spot 7)
remained relatively constant at approximately 90% in starved
larave and as such may be considered as a loading control. The
expression of this protein was demonstrated to be maintained at
a constant level when G. mellonella larvae were challenged with
β-glucan.11
Analysis of the proteome of starved larvae indicates a down-
regulation in the expression of a range of proteins associated with
the immune response. Given the importance of the humoral
Figure 5. Proteomic profiles from hemolymph of unstarved larvae (A) and larvae starved for 7 d (B). Protein was extracted from larval hemolymph as
described and resolved by 2D SDS-PAGE (300 mg/250 mL was loaded onto each Immobiline Drystrip). Peptide spots showing alterations in expression
were extracted and identified.
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immune response in defending insects from infection, this
decrease in the expression of antimicrobial peptides could
contribute to the increased susceptibility to infection of larvae.
Discussion
The insect immune response displays a number of structural and
functional similarities to the innate immune response of
mammals.5 As a consequence of this, insects may be used in
place of mammals for assessing the virulence of microbial cells or
for screening the in vivo toxicity of antimicrobial drugs and yield
results that are comparable to those that can be obtained using
mammals.6 A variety of insects are employed in in vivo tests but
larvae of G. mellonella have been established as a good model for
studying fungal9 and bacterial3 pathogens. Their utility in
screening antimicrobial drugs has also been demonstrated.10
Standardized conditions for the use of G. mellonella larvae have
yet to be established. In previous work we demonstrated that
physical stress13 and thermal variation14 can alter the susceptibility
of larvae to infection with C. albicans. In the work presented here
we sought to establish whether nutritional depletion would alter
the susceptibility of larvae to infection since some workers
incubate larvae with a food source during experiments25 while
others do not.26
Larvae deprived of nutrition for 7 d demonstrated increased
susceptibility to infection with the fungal pathogen C. albicans.
Starved larvae demonstrated a slight reduction in hemocyte
density but the hemocytes from starved larvae were as effective at
killing C. albicans cells as those from unstarved larvae. In addition,
starved larvae demonstrated reduced expression of a variety of
antimicrobial peptides and immune proteins.
The increased susceptibility of starved larvae to infection may
be a result of the reduced hemocyte density and antimicrobial
peptide expression. Immune priming in the absence of
compensatory feeding in bumblebees has been shown to be
fatal15 indicating the link between nutritional status and
survival. Deprivation of food leads to impaired learning in
honey bees (Apis mellifera) demonstrating a clear link between
feeding and neurological function.27 Analysis of the changes in
the proteome of larvae starved for 7 d indicated decreased
expression of a number of proteins with known anti-microbial
action (e.g., transferrin) and immune function (e.g., aryl-
phorin).
The reduction of mass-specific metabolism in D. melanogaster28
is evidence that stress has implications on lipid transport.
Apolipophorin 3 (spot number 3) is involved in lipid transport
and this may explain the decrease in apolipophorin 3 expression in
the starved larvae.
The immune response requires a high degree of resources to be
maintained at an optimum level to fight infection. The absence of
food would adversely affect metabolism and consequently lead to
a downregulation in immune function. A reduction in the
expression of arylphorin and lipoprotein was recently demon-
strated in Bombyx mori when a calorie restriction was applied to
the insect’s diet.29 In contrast, Tribolium casteneum deprived of
food demonstrated increased expression of selected stressor
specific microRNAs in a gender specific manner thus suggesting
that different types of insect react differently to nutrient
deprivation.30
The results presented here demonstrate a clear correlation
between access to nutrition and the ability of G. mellonella larvae
to retard microbial infection. Unstarved larvae demonstrated a
slightly higher level of hemocytes and antimicrobial peptide
expression, which leads to significantly greater ability to curtail or
eliminate the pathogen.
These results indicate that incubating larvae in the presence or
absence of nutrition will significantly affect the ability of the larvae
to mount an immune response. Consequently, researchers
utilizing G. mellonella larvae for studying the virulence of fungal
or bacterial pathogens should specify whether feeding is provided
for larvae and the type of material supplied since this may affect
the result and influence inter-laboratory comparisons.
Table 1. Relative expression of Galleria proteins in hemolymph of larvae deprived of food for 7 d
Spot
no.
Protein identity Organism Mr PI Score Seq. coverage
(%)
Accession
number
Relative expression
Control Starved
1 32 kDa ferritin subunit Galleria mellonella 26731 5.69 173 18 AAL47694 1.0 0.526
2 Imaginal disc growth
factor-like protein
Mamestra brassicae 48030 7.08 111 6 ABC79625 1.0 0.606
3 Apolipophorin-3 Galleria mellonella 20499 8.59 254 37 P80703 1.0 0.529
4 Arylphorin Galleria
mellonella
83651 5.23 78 3 AAA74229 1.0 0.639
5 Lopap (Lipocalin/
cytosolic fatty-acid
binding protein family)
Danaus plexippus 25036 5.46 83 11 EHJ63999 1.0 0.869
6 Transferrin precursor Galleria mellonella 77238 6.76 111 6 AAQ63970 1.0 0.464
7 Juvenile hormone
binding protein
precursor
Galleria mellonella 27460 6.84 163 13 AAS94224 1.0 0.91
Protein was extracted from starved and control larvae, resolved by 2D SDS-PAGE and proteins showing alterations in expression were excised and identified
by LC/MS. Alterations in expression were quantified by densitometry.
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Materials and Methods
Chemicals and reagents. All chemicals and reagents were of the
highest purity and were purchased from Sigma Aldrich Chemical
Company Ltd., unless stated otherwise.
Fungal strain and culture conditions. C. albicans MEN (originally
isolated from an eye infection and a gift from Prof D. Kerridge,
Cambridge) was cultured in YEPD broth [2% (w/v) glucose, 2% (w/v)
Bactopeptone and 1% (w/v) yeast extract] at 30°C in an orbital shaker.
Stocks were maintained on YEPD agar plates.
Insect larvae. Sixth instar larvae of Galleria mellonella
(Lepidoptera: pyralidae, greater wax moth) were obtained from
the Mealworm Company and stored in wood shavings in the dark
at 15°C for 24 h. This incubation period did not adversely affect
the viability or activity of larvae (data not presented). Larvae
weighing 0.3 g were placed in 9 cm Petri dishes for 0, 2, 4 and 7 d
without a food source (0.1 g of wood shavings with a 9 cm
Whatman filter paper) and stored in the dark. At the end of the
incubation period larvae were inoculated with 5  106 C. albicans
cells per 20 mL through the last left pro-leg.8 Controls consisted of
untouched larvae or those that received a 20 mL PBS inoculation.
Ten larvae were used per treatment, with all treatments being
performed on three independent occasions.
Isolation of insect hemocytes. Hemocytes were extracted by
bleeding 10 larvae into 10 mL of sterile anti-coagulant buffer, IPS
(150 mM NaCl, 5 mM KCl, 0.1 M TRIS-HCl, 10 mM EDTA
and 30 mM Trisodium citrate in dH2O, pH 6.9). Cells were
centrifuged at 1,500 g, washed once and finally resuspended in
5 mM PBS-glucose containing 1 mg/ml Pepstatin A, 1 mg/ml
Aprotitin, 1 mM PMSF and 1 mg/ml leupeptin. Hemocyte
viability was approximately 95% as measured by Trypan blue
staining at the time of isolation from each group of larvae.
The hemocyte density was calculated by piercing the head of three
larvae with a sterile needle (gauge size of 23 G, Terumo) and
collecting the hemolymph into a pre-chilled Eppendorf tube as
described previously.18 Hemolymph was diluted 1:10 in cold PBS
containing 0.37% (v/v) 2-Mercaptoethanol to reduce clotting and
melanization. Hemocytes were enumerated using a hemocytometer.
Measurement of killing ability of insect hemocytes. C. albicans
cells were opsonised using cell free hemolymph diluted in IPS
(1:10). Killing was measured by incubating 2  105 yeast cells
with 1  105 hemocytes in a stirred chamber at 37°C, in a final
volume of 2 ml. An aliquot was removed immediately after
addition of the yeast cells (time zero) and after 20, 40, 60 and
80 min incubation, diluted in minimum essential medium (Sigma
Aldrich) and plated onto YEPD plates supplemented with
erythromycin (1 mg/ml). The viability of cells was assessed by
counting colony number and the results were determined in
triplicate for each sample. The viability data are expressed as
percentage of viability at time zero.
2D SDS-PAGE separation of hemolymph proteins and image
analysis. Hemolymph (100 ml) was collected from larvae that had
been starved for 0 or 7 d by piercing the head of the insect and
bleeding the hemolymph into a pre-chilled microcentrifuge tube.
Isoelectric focusing of protein samples and 2D electrophoresis was
performed as described previously.11 Each 2D gel was scanned on
a Hewlett Packard scanjet 5100c scanner and the images were
analyzed using Progenesis SameSpot Software. The protein spots
of interest on each gel were normalized, edited and manually
matched to a reference gel. The intensity volume of each spot was
processed by background subtraction and total spot volume
normalization, and the resulting spot volume percentage was used
for comparison. Mass spectrometric analysis of trypsin-digested
proteins was performed using an Agilent ESI Trap LC/MS.
Resulting spectra were analyzed using MASCOT with a score over
80 considered significant (www.matrixscience.com/search). The
mass error tolerance was 1 Da, allowing for a maximum of no
more than two missed cleavages. Verification of protein sequences
was confirmed by blasting the protein sequence on the Uniprot
(www.uniprot.org) and NCBI (www.ncbi.nlm.nih.gov) websites.
Statistical analysis. All values are the mean of at least three
independent determination ± SD. Experimental data were tested
for statistical significance at p , 0.05 using a Student’s t-test
(Minitab 14 package). Larval viability data (Fig. 2) were analyzed
using the Log rank test.
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